There is both laboratory and epidemiologic evidence that PCBs are toxic to several phases of reproduction. Workplace exposure is an important but small part of the exposure to these compounds, since most of the population has detectable levels in blood or fat. Studies in the general population on PCBs and reproduction have not been done. Some studies in workers are under way, and in epidemic PCB poisonings, small babies with a distinct clinical syndrome are seen. We review some of the laboratory and epidemiologic data and the methods available for studar of reproduction in humans; study of any highly exposed group should be done and studies of spontaneous abortion, birth weight and certain congenital anomalies should look for an effect of PCBs.
Introduction
Successful human reproduction is a complex cycle that can be broken arbitrarily into stages: conception, the carriage of the fetus to term, the birth of a normal baby, post-natal nurturance, and normal growth and development. This cycle is closed with its reiteration by the offspring. We regard interference with any of these processes as a morbid event, even when clinical illness is not apparent. There is evidence both from outbreaks of human illness and from laboratory experiments that polychlorinated biphenyls (PCBs) or chemical compounds very similar to them can disrupt most of the phases of reproduction; whether they do so at the levels of exposure commonly encountered in the general population or in the workplace is not known.
We consider here the available epidemiologic data relating PCBs to reproduction. We also consider some of the epidemiologic methods for study of reproductive morbidity. Since the emphasis here is on a particular exposure, the "natural" methods of study are of populations who are surveyed for exposure and illness, or of cohorts whose exposure is documented and who are followed to see what illnesses they develop. However, much of what is known about the toxicity of PCBs has come from the study of epidemics, in which sick people were investigated and found to have been poisoned. Thus we will discuss the case-control approach where it *Biometry and Risk Assessment Program, National Institute of Environmental Health Sciences, Research Tiangle Park, NC 27709. seems useful. Details of study feasibility and the large experimental literature on PCBs are beyond the scope of this paper, but a few comments arise on both. We note first, though, the difficult problem of studying a group of chemicals that have become sufficiently widespread in the enviroment that population exposure, in the sense of detectable residues in body tissues, is almost universal.
Use, Spread, and Human Exposure Over 800 million tons of PCBs were produced and distributed worldwide from their introduction in the 1930s until restrictive regulations in the 1970s (1) . Besides closed applications in heavy transformers, PCBs were also the oily pigment suspension agent in carbonless copy paper, were part of microscope immersion oil, were in ballasts and capacitors in consumer electrical goods, and were a vehicle for application of pesticides. Exposure of workers to PCBs represents a small, albeit important, part of the human exposure to these compounds. More (3) (4) (5) . This is likely to be due to low level contamination of the food supply, particularly of predators like big fish (6) . Human vulnerability to contaminated food comes not only from our position on the food chain, but also from the complexity of the systems used to grow and distribute foodstuffs. Accidental contamination of food from wrappers made from recycled paper (7) and of meat and dairy products contaminated from leaking machinery (8) have occurred in the past. Most notable are the two major outbreaks of Yusho, which were both caused by contaminated oil from leaking heat process machinery (9) . Even organic gardeners are at risk; an incident in Bloomington, Indiana, involved the use of sewage sludge contaminated with PCBs as organic material incorporated into garden soil (10) . The sole remaining dietary source that is regularly heavily contaminated is sport fish caught from polluted waters. However, continued human exposure from other sources is certain. This is due to the large amounts of PCBs in use, the gradual turnover and disposal of machinery and other goods containing them, and the difficulties encountered in hazardous waste handling in general.
Besides dietary exposure, there are at least two other routes by which people could be appreciably exposed. Because of the oily, adherent nature of PCBs, they could be carried home on soiled workclothes. Although there is not a clear example of this having happened for PCBs, work clothes soiled with dioxin and brought home have produced chloracne in the children of workers (11) There have been many investigations of PCBs in blood, fatty tissue, or milk. In general, measurable levels are ubiquitous, with the prevalence of positive samples dependent on the sensitivity of the method used; levels are highest among workers and consumers of polluted sport fish (3). In some studies, blacks are higher than whites (13) , males higher than females, and older people higher than younger (4) . For simple calibration purposes, consider a 25 year old lactating woman weighing 60 kg. We expect a PCB concentration of 1.8 ppm in the fact of her milk; this is the median in the 850 women in our North Carolina study of the effects of PCBs on nursing children. If she is 20% fat, she has about 22 mg total body burden. She presumably got this from background food contamination; spread uniformly over her lifetime, this is 2.4 R,g/day. At her current weight, this represents 0.04 pug/kg/day. If her milk is 2% fat, she will have 36 ppb in whole milk. At 0.5% fat, she will have about 9 ppb in serum; this is the median in our data. Serum levels in the general population range up to 60 ppb (3, 4) . Studies of workers have found means of 33 ppb (14) , 37 ppb (15), 75 ppb (10) and 150-300 ppb (16) .
To put this into toxicological perspective, the most sensitive biologic phenomena thus far reported involves the induction of microsomal enzymes of the P450 class (17) , or the covalent binding to macromolecules in microsomes (an intermediate step in enzyme induction) (18) . Both occur in a dose related fashion beginning at about 1 to 4 ,ug/kg/day. Decreased fertility and small offspring were seen in experiments in which rhesus monkeys were fed 2.5 ppm PCBs in the diet (about 100 ,ug/kg/day). These monkeys had 33 ppm PCBs in their adipose tissue near conception, and their milk later had 275 ppb or 16 ppm fat basis (19, 20 
Fertility
There have been no formal studies of fertility dysfunction among humans exposed to PCBs. The suspicion that the compounds are potentially active on human fertility comes from experiments done on rhesus monkeys, where a total diet containing 2.5 ppm PCBs led to prolonged time to conception and fetal wastage (19) . The same study showed no changed in semen characteristics of the male, or in the males' capacity to reproduce.
Interest 
Spontaneous Abortion
There are several cohorts of persons under observation who have been exposed to relatively high doses of PCBs: capacitor factory workers in upstate New York (31), insulation workers in Japan (22) , and both Japanese (32) and Taiwanese (33) families exposed to PCBcontaminated heat exchange fluid in their cooking oil. Thus far, none of these studies has shown a convincing effect of PCBs on rates of spontaneous abortion. However, the numbers of persons in these cohorts is not large (all less than 2000), and as a consequence their statistical power to show an effect is low.
Rhesus monkeys exposed to PCBs in concrete sealant in their cages (34) or experimentally given PCBs at 2.5 and 5 ppm in the diet (19) had increased spontaneous abortions and stillbirths. In both instances, however, the female monkey had alopecia, erythema and edema of the eyelids, and nonspecific metabolic abnormalities. Thus, although it is clear that exposure to PCBs can produce pregnancy loss, it is not clear that they will do so at low doses not clinically toxic to the mother.
Spontaneous abortion among humans occurs in perhaps 15% to 20% of recognized pregnancies. Even though such loss is common, it is not easy to measure epidemiologically. The occurrence of abortion can be measured in one of two general ways. One is to collect data on abortions that have occurred some time in the past (retrospective data). The other is to collect data on abortions at the time they occur (prospective data). By using retrospective data, one can study much larger numbers of abortions for a given population; however, the quality of those data is poorer.
Retrospective spontaneous abortion data come from either clinical records or personal interviews. Clinical records are incomplete in that not every woman who has a spontaneous abortion sees a doctor, or needs to. For those women who do receive medical attention, the event may be recorded in hospital records or clinic records or private physicians' ifies in such a way that it is not easily retrieved. This is especially true in the US, where medical records are seldom usable as a primary data source in the study of spontaneous abortion.
An alternative strategy for collecting retrospective data is to interview the women themselves. Women's recall of previous abortions is incomplete (35) ; furthermore, recall may be biased if women are alarmed about their exposure to a potential toxin. The quality of such abortion data can sometimes be improved by using medical records to verify reported abortions. Recall bias may be reduced in this way, and additional information about the pregnancy may be obtained. This approach has been used in studies of spontaneous abortion among women who lived in areas sprayed with 2,4,5-T and around the Love Canal (36) . In general, this retrospective approach may be the most suitable for exploring possible pregnancy loss among PCB-exposed women.
Prospective studies of any exposed group are possible but difficult, given the relative infrequency of pregnancy. Currently in the US there are about seven births per year per 1000 women aged 15 to 44. The number of observable pregnancies expected in a particular exposed group would probably be so small as to make the power of those observations limited.
Case-control studies of spontaneous abortion offer a means of collecting data on a large number of abortions at the time they occur. However, linking those abortions to exposure data is not easy. Unless the study population is unusual, reported exposures to most environmental agents will be rare. This method has worked for furthering understanding of common exposures such as cigarettes, alcohol, and a few drugs, but its usefulness is presumably less for the study of PCBs, for which low exposures are ubiquitous and high exposures are rare.
Fetal loss later in pregnancy is far less common than spontaneous abortion but more accurately documented. Most countries require pregnancy loss that occurs after 20 or 28 weeks of gestation to be registered as stillbirths. Thus, studies of vital records comparing differences in late fetal loss between exposed and unexposed groups are possible. However, the limitations of uncontrolled confounders and unstable rates due to small numbers make this an impractical approach under most circumstances.
Birth Weight
In both of the recorded outbreaks of Yusho, babies born to affected mothers were small for their gestational age (21). Studies to low-level exposure to PCBs on birth weight have been less definite than the observations of Yusho mothers. One study reported higher levels of PCBs in the mothers of smaller babies compared to the mothers of larger babies (37) . However, this is not consistently found. Among laboratory animals, rhesus monkeys exposed to PCBs accidentally (34) or experimentally (19, 20) have been observed to produce small offspring.
Birth weight has several attractive features as an endpoint in the study of environmental exposures. Birth weight differs somewhat from the outcomes previously discussed, in that it is a characteristic ofall babies rather than an unusual outcome to be tallied. It is easy to measure, it is required on birth certificates in most countries, it is plausibly an indicator of intrauterine growth, and for the individual infant it is the single strongest predictor of neonatal morbidity and mortality.
Birth weight is usually analyzed by comparing the mean weights of exposed and unexposed groups, or by comparing the occurrence of low birth weight (less than 2500 grams) among groups. While such differences in birth weight may be simple to establish, their interpretation is not straightforward. The relation of birth weight to mortality is such that a difference in mean birth weight or low birth weight between groups does not necessarily mean the groups differ in mortality (38) .
Teratology
Commercial PCBs that have been in heat exchange service are human teratogens (21, 39) . Affected babies have been seen in the two Yusho outbreaks. Mothers ingested cooking oil contaminated by the PCB mixture; in most cases, mothers of affected babies were themselves obviously ill, and thus little detective work was required. The full-blown syndrome is a small baby with pigmented skin, conjunctivitis, pigmented gums, hypoplastic nails, metastatic scalp calcification, natal teeth, comedones, and hyperbilirubinemia. Thus far, the syndrome has not been reported outside of the two epidemics.
There are a variety of ways in which human teratogens have been studied. Typically, the notion that some agent is teratogenic comes from a clinician, or sometimes a patient, who notices a cluster of some unusual phenotype. Generally, specific congenital anomalies or recognized syndromes of anomalies are rare events; Down's syndrome, the commonest chromosomal anomaly and one of the more common syndromes recognizable at birth, occurs in only 1/600 live births. There is a great variety of anomalies, though, and the aggregate rate of babies born with one is about 3-5%, counting conditions like cystic fibrosis that were known to be present at birth but diagnosed later. Because of the rarity of individual conditions, the case-control approach seems tailor-made, yet it is not that much harder to survey for many other kinds of cases while waiting for the ones of interest to be born. Examples of currently used study designs are as follows.
RegistrylCohort. Patients with some specific illness,like diabetes mellitus (40), who are followed medically anyway or people with exposures ofinterest under routine surveillance (like occupational cohorts) can be followed for pregnancy outcome and any birth defects noted. The attraction to this is that structural anomalies are often very apparent at birth and easy to diagnose and count. However, persuasive studies of birth defects usually require either a very strong effect or very large size. Most cohorts of workers are relatively small and are not regularly producing malformed children at a high rate; thus, the probability of detecting a teratogenic exposure is small. The cohort method has worked best in cases where the mothers themselves were ill, as in Japan. Once the causal nature of the association was clear, the occasional baby born with congenital Yusho but with an unaffected mother could be recognized. One's wish for the etiologic clarity of epidemic situations is tempered by the fact that they are typically public health disasters; however, when they do occur, oportunities for study should be exploited.
Surveillance (42) and alcohol (43, 44) syndromes were described. While the chain of reasoning is somewhat circular, hypotheses about the etiology of such syndromes are readily tested by observing mothers with the suspect exposure prospectively for the specific findings in question. This approach would be unlikely to incriminate a specific occupational exposure if carried out in the general population, but it might be useful to evaluate children in a prepaid clinic or HMO in detail when many of the mothers worked around substances that might be teratogenic.
Case-Control Studies. Studies of obvious individual birth defects or etiologically similar kinds of defects are done, typically when a cluster of some unusual anomaly presents itself. Under the best circumstances, this is an enormously powerful approach, as exploited by McBride for phocomelia and thalidomide (45) or Gregg for congenital rubella (46) . Actually, the designation casecontrol is a bit too formal for many ofthese observations, which often consist of a case series with a frequency of some exposure that seems out of line to the investigator.
Lactation
PCBs in breast milk are of interest as an indicator of exposure to the mother and a vector of exposure to the child. In addition, lactation performance is a plausible endpoint for study because of its implications for infant development. In most developed countries, it is standard clinical practice to supplement or wean a child who is ill or is failing to gain weight satisfactorily while breastfeeding. Thus, subtle interference with the nutritional or immunologic activity of breast milk could show up as lactation failure or shortened duration of lactation. This phenomenon has no specific animal model; although dairy cows exposed to polybrominated biphenyls (which differ from PCBs only in the substitution of the halogen) in their feed dried up, this was part of a general clinical syndrome and they were obviously ill (47) . In our data, women with higher levels of DDE do not breast feed as lobig; this is not true of women with higher levels of PCB (48).
Development
Harada described lethargy and apathy and soft meurological signs in children aged seven to nine who had had Yusho years before (24) . The growth defect in these children, apparent at birth, was gone by about age four. Formal developmental assessment of these children has not been reported. However, in Michigan farm children exposed to polybrominated biphenyls, scores on a standardized school readiness scale (the McCarthy Scales of Children's Abilities) were lower in children with higher PBB body burden as measured by analysis of fatty tissue (49, 50) . Rhesus monkeys exposed to PCBs experimentally had abnormalities of behavior (hyperactivity at first, hypoactivity at 44 months) and slowed development as measured by speed on learning tasks (51, 52 In terms of research, we should exploit opportunities to learn from unusual exposures or potential cases in an epidemic, since this was the way in which much of our current kniowledge was gained. Outside epidemics, it seems likely that manifestations of toxicity will be subtle, and only well-organized careful study, innovative reasoning, and detailed clinical and chemical observation will pay off.
